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Use of Chemical Lasers to Determine the Rate Constants of Reactions
Between Atoms and Molecules and the Rate Constants of the Relaxation
of Vibrationally Excited Molecules

G.V.Pukhal'skaya and S.Ya.Pshezhetskii

The application of chemical lasers to the determination of the rate constants of reactions and of the relaxation of
vibrational excitation is discussed. The following procedures are reviewed: the measurement of the time lag of the
generation with respect to the leading edge of the pulse used to initiate the reaction, the measurement of the
generation decay time, the use of competing reactions to measure the rate constants of "non-laser" reactions, and
also methods of measuring the relative rate constants for the population of different levels in the reaction product
(the "equal amplification temperature" method, the "zero amplification temperature" method, and the "grating
selection" method). 71 references.
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reaction product

I. INTRODUCTION

Several methods of measuring the rate constants of reac-
tions of atoms and radicals with molecules in the gas phase
are available: spectroscopy, mass spectrometry, ESR, etc.
However, the rate constants determined by different
methods often show serious discrepancies, which complicate
the selection of values for use in kinetic investigations.
The differences in the rate constants of fast reactions of
atoms and radicals with molecules are especially large.
Furthermore, the range of application of these methods is
often limited. Therefore the development of new experi-
mental methods of measuring the rate constants of reactions

of atoms and radicals with molecules is of great interest.
A new method of measuring the rate constants of the
relaxation of excited molecules would also be of great use.

The development of chemical lasers created the possibility
of using the generation of radiation to measure the rate
constants of the "pumping" reactions taking place in the
lasers. These include, in particular, reactions such as

A + BC ->- AB+ + C

where A is an atom, BC is a molecule, and ABt is a molecule
formed in a vibrationally excited state. If the "pumping"
reaction is a chain reaction the generation is determined by
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several rate constants. For example,

Cl + H2 X HC1 + H

H + C12 -^-HClt +C1 .

The presence of several rate constants makes their deter-
mination more difficult. Furthermore, relaxation of the
vibrationally excited molecules takes place in parallel with
the other reactions, and this further complicates the
determination of the kinetic constants kx and kz. Neverthe-
less, as has been demonstrated experimentally, these
difficulties can be overcome, and under certain conditions
the kinetic constants of the reactions between atoms and
molecules are relatively easily found from measurements of
the oscillation parameters, with a precision at least equal to
that of the more traditional methods.

reactants

hv

Figure 1. Block diagram of a chemical laser: I) laser tube,
2) initiation system, 3) monochromator, 4) i . r . detector,
5) oscillator.

Figure 2. Oscillograms of the initiation pulse (upper trace)
and the generation pulse (lower trace).

The basic principles of the determination of the kinetic and
relaxation constants by using chemical lasers can be briefly
illustrated as follows. The radiation from a chemical laser
arises from a chemical reaction which produces excited mole-
cules with a population inversion in different vibrationally
excited states. A block diagram of the chemical laser is
shown in Fig. l . The chemical reaction takes place in a cell
containing the gas mixture within an optical resonator
consisting of the mirrors a and b (the latter being half-
silvered). The reaction in the chemical laser is initiated by
atoms formed by the dissociation of molecules under the
influence of a light pulse or a pulsed electrical discharge.

The length of the initiating pulse depends on the parameters
of the initiating equipment used. The beginning of the
initiation pulse is separated from the onset of laser genera-
tion by a time interval imposed by the need to reach the
threshold concentration of the inverted population of excited
molecules, which depends on the radiation losses in the
resonator. The length of this time lag can be measured from
oscillographic displays of the generation and initiation pulses,
as shown in Fig. 2.

I I . DETERMINATION OF THE CONSTANTS BY MEASURING
THE OSCILLATION DELAY TIME

1. Principle of the Method

By measuring the oscillation delay time t^ and equating the
concentration of population-inverted molecules at time t\ to
the threshold value needed to satisfy the self-excitation
condition we can obtain an equation for the required rate
constant. Allowance must be made for the radiation losses
in the resonator. The experimental conditions (initiation,
pressure of reactants, amount of inert diluent) are chosen
so as to make the consumption of reactants and the tempera-
ture rise of the working mixture during the time lag period
negligibly small.

The possibility of measuring rate constants by the
oscillation delay time method was first demonstrated by
Basov and coworkers1. Chester and Hess2 measured the
dependence of the oscillation delay time (with respect to the
leading edge of the initiating light pulse) on the rate con-
stant of the "pumping" reaction, on the intensity of the
initiating light flux, on the radiation losses in the resonator,
on the composition and pressure of the gas mixture, and on
the relaxation processes. They considered a chemical laser
operating by the reaction RF + H2 + B (where B is an inert
gas). The atomic fluorine formed by the photolysis of
RF takes part in the "pumping" reaction

(1)

giving population-inverted HF+ molecules.
The basic kinetic equations are

(2)

(3)

(4)

f = -d[H2]/d/ (5)

where s(t) = $Ja(A)I(A, t)dX, <J> is the yield of the photo-
dissociation RF, a(X) is the molecular absorption coefficient
of RF, J(X, t) is the local intensity of the light flux at the
wavelength X, and q is the number of F atoms formed by
the dissociation of the RF molecule.

It was shown2 that the temperature rise due to light
absorption and to reaction (1) in time tj is negligible, and
can be made even smaller by adding an inert gas to the
reaction mixture. The frequency of the initiating light is
chosen to lie outside the absorption bands of hydrogen and
of the diluent gas. It was also shown2 that the reactions
of H, H2, and HF with R and RF during time t\ can be
ignored, and so can also the recombination of atoms in the
volume and at the walls. The process can be treated as
quasi-isothermal.

In order to simplify the solution of the system of
equations (2)—(5) the experimental conditions must be
chosen so that the functions I and s can be expressed as
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follows:

s(t) = =s 0 ^, m > 0 .

The initial conditions are [ F ] o = [HF] 0 = 0.
The system (2) —(5) can be transformed into
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Thus the rate constant of the "pumping" reaction can be
determined, in principle, by measuring the oscillation delay
time.

2. Rate Constants of the Reactions of Atoms and Radicals
with Molecules

+ q [RF], f 1 - exp f ~ s°f"+

V V m 4- 1

By solving E q n . ( 6 ) we can find [ H F ] t :

,= [FL]0-[H2] , .

(6)

Let An(O be the difference in concent ra t ion between the
HF"f molecules in the vibrat ional ly exci ted levels (v + 1),
( J - 1) and v , J , co r r e spond ing to the emission of a laser
line with maximum amplification:

We then have d[An(t)]/dt = f d[HF]/dt - k'[M]*An(t),
H2

where f is the difference between the probabilities of
H2

formation [by reaction (1)] of HF molecules in the upper
(v + 1) and in the lower (v) level, and k' is the rate constant
for the relaxation on M molecules.

Eqn.(6) can be integrated numerically, but alternatively
the solution can simply be expanded in powers of t, retain-
ing only the first-order terms. Since the time interval is
small, deactivation occurs mainly by collisions with the
initial H2, RF, and diluent molecules, and we can assume
that [M]t = [M]o. Therefore

<7*n, IRFJo [H,Io V"-+aAn (t):

kHt [Hal,

m + 3

+ 2)
A'

m + 3
(7)

Oscillation begins after time tj (measured from the
beginning of the init iating pu l se ) , when An(t) reaches the
critical ( threshold) value A n t n r , depending on the radiation
losses in the resona tor :

(8)

Retaining only the lower-order term, i . e . ignoring the
relaxation of the excited HF"^ molecules, we obtain from (7)
and (8) the following express ion for the generation time lag ,
which includes the requi red constant k

H5

(9)

If m = 1 we have

h- A7 to t

where p t o t is the total pressure of the mixture, a and a' are
the mole fractions of H2 and RF, and g0 is the threshold
amplification of the laser i .e . the amplification at the onset of
oscillation.

The threshold amplification is related to the radiation losses
in the resonator by the expression

(1— (10)

where I is the loss of radiation in the resonator for a single
passage of the beam, determined by the precision of the
optical assembly, the reflectivity of the mirrors, the trans-
parency of the windows in the laser tube, etc. L is the
length of the optical path in the active medium.

a) Reaction of F atoms with CHk, HC1, and HBr. By
us ing an HF+ laser the rate cons tan ts of the react ions of F
atoms with o ther hydrogen-conta in ing RH molecules can be
determined from formula (9) if these react ions are used in
"pumping" the laser . The equation for the "pumping"
reaction (including the wanted / c R H constant) is

F + RH — -* HF* + R » (11)

Since formula (9) was obtained by ignoring the relaxation
of the vibrationally excited HF"*" molecules we must tes t
whether the experimental conditions were correct ly chosen ,
i . e . whether the condition t\ <* p7 J is obeyed when the

intensi ty of the light flux is a l inear function of t ime. If
this express ion applies we can find the ratio of the generation
time lags in mixtures of H2 + RF + B and RH + RF + B for
equal part ial p r e s s u r e of RF and of the hydrogen donors .
If m = 1 we have from E q n . ( 9 )

a quantity analogous to f and
2

since the experimental conditions are specially chosen to make
^nthr> <?> [RF]o> and s0 the same in the two experiments,
and [H2]o

 = [RH]0; TR
corresponds to reaction (11).

By using this method we have determined3'1* the ratios
kCH, / kH2

 = 2 +~ °-2 ' fcHCl/fcH2
 = ° - 2 5 ' ^ kHBr / kH 2 =

1.3 + 0.2. In the calculation we adopted the values f =

0.44, f = 0.37, and fTI_, = 0.33 (obtained by averaging
H2 HC1

published data), and fjjBr = 0.12 (given by Jonathan and
coworkers5).

t>) The H + C1F reaction. The measurement of the
oscillation delay time has been used to determine the rate
constants of "pumping" reactions involving other atoms.
Thus, the rate constant of the reaction H + C1F -»• HC1"1" + F
has been determined16. The experiment involved measuring
the oscillation delay time on HF̂ " and HCl^ molecules in a
chemical laser working on a mixture of C1F + H2. The forma-
tion of F and Cl atoms took place by photodissociation of
C1F.

The main sub-threshold processes are

I (1)

F (12)

Cl , (13)

The Cl + H2 reaction is much slower than the F + H2 , and it
can be ignored in a sub- th resho ld p r o c e s s . Theoretical
calculations7-8 sugges t that k(\~) < k , k( *) < k , and

C1F H2 C1F H2

^p]l, > k p i p : t n i s suggest ion was confirmed by kinetic

measurements 9 , which gave k£,J)/k£,j) = 6 .1 , and by i . r .

chemiluminescence measurements 1 0 , which gave k^^/k^*}, =
CIF CIF

6.7 ± 0.8. Therefore in the p re - th re sho ld period we can
legitimately ignore the formation of HF+ by reaction (13) in
comparison to reaction (1) , and assume that the consumption
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of hydrogen atoms is negligible before the onset of genera-
tion on HC1+.

By solving the equation for the change in concentration
of atomic fluorine with a linearly time-dependent light
flux, and by integrating the equation for the change in
concentration of HF, we can arrive at the threshold con-
centration of population-inverted excited HF"f molecules:

' 1 ,
:/H, J*H.[Hd,[Fl<<« (14)

where t is the generation time lag for the P2 (3) transition
n

of the HF molecules, which occurs first.
By the same procedure we can determine the threshold

concentration of population-inverted excited HCl^ molecules:

(15)

where fnrp *s a coefficient analogous to f corresponding to

reaction (12), and t is the oscillation delay time for the
I2

P2 (5) transition of the HC1 molecules. Furthermore
. H F , . Ttel HC1 , HF
A/it^/An^u = o.Vri-^v,j'laV'j-^/'j'

where a T , T, is the cross-section of the initiating
v, J -»• v', J'

radiation for the given vibrational—rotational transition of
the HF and HC1 molecules,

where A T , T, is the Einstein coefficient for the
v, J -> v ' , J'

transition, v is the transition frequency, and M is the mole-
cular weight.

From the ratio of Eqns.(14) and (15) we can obtain an
expression for k£,j) . We calculated this constant by using
Einstein coefficients taken from Refs.l l and 12, and an

10" n cm3 s"1. The valuesassumed fcTI value of 2.5
H2 n

0.36 and fuel = 0*31. which describe the differences in
occupancy probability of the v = 2 and v = 1 levels for HF
and HC1 molecules, were obtained by averaging published
values for HF 13~15 and for HC1 16'17 (for the reaction
H + Cl2 + HC1+ + Cl). In this way the value k ^ =

(3.7 + 0.4) x 1O~12 cm3 s"1 at 300 K was obtained for the
first time. The i . r . chemiluminescence method18 had yielded
only the ratio of this constant to the rate constant of the
reaction H + Cl2 -> HClt + Cl, equal to 1.99.

c) The OD"** + O3 reaction. Measurements of the oscillation
delay time on COj molecules in a chemical laser working on an
O3 + D2 + CO2 mixture have been used19 to determine the rate
constant of the reaction between the OD radical and O3. The
main reactions in this mixture are

D + O3 4: ODt (y) + o2

ODt (u) + CO2 ̂ S-ODt (y — i)
)(3P)+M
• DO2 + O2

Oa-3- + OD + O + O2

D+2O2

O(1D) + O3i^O2 +O2

ODt (v) + D2 % ODt (p _ i) + D2

where COf is a CO2 molecule in the (00°l) state, fc3 and k7

are the rate constants for the reactions in the OD radical
in the level v, and ko(t) is the rate constant for the forma-
tion of O(XD) atoms from ozone under the influence of light.

3. Rate Constants of the Relaxation of Vibrational Excitation

The determination of the rate constants for the relaxation
of vibrational excitation is very important in chemical kinet-
ics, because vibrational excitation plays a key role in over-
coming the activation barriers of reactions. The measure-
ment of relaxation rate constants is especially important in
the theory of chemical lasers because the intensity and
duration of the generation are largely determined by
relaxation processes.

The relaxation rate constants of vibrationally excited
molecules can be measured, at present, by monitoring the
intensity of laser-excited fluorescence at room temperature
or by heating the gas mixture in a shock tube, or by the
i.r . chemiluminescence method. As we shall show, the
laser method (by measuring the generation time lag) can
be used to determine the rate of relaxation and of transfer
of vibrational excitation under appropriately chosen
conditions (composition of the laser mixture, and other
factors which determine the relaxation processes).

a) The ODt + CO2, OD+ + D2 processes. Measurements
of the oscillation delay time have shown19 that at 300 K the
rate constant of the deactivation of OD radicals (v = 1) by
collisions with D2 molecules is ky = (3.1 + 0.7) x 10"11* cm3

s"1, and the rate constant of the transfer of vibrational
energy from the OD radical (v = 1) to CO2 is k\ = (1.9 ±
0.7) x 10-12 cm3 s" The latter value is significantly
higher than the value k\ = (0.5 ± 0.25) x 1O~1Z cm3 s""1

obtained20 by a similar method but without allowance for
the radiation loss in the resonator. Thus failure to correct
for losses in the resonator can yield low values of the rate
constant.

b) The DF+ + CO2 reaction. The measurement of the
oscillation delay time has been used1 to determine the rate
constant of the transfer of vibrational energy from the DF*
molecule to the CO2 molecule. The time lag of the genera-
tion was measured for the (00°l -* 10°0) transition of the CO2
molecule in a chemical laser working with an F2 + D2 + CO2
mixture. The most important elementary processes in such
a mixture are

F2 + hv ̂ U 2F
F + D2 -^ DF (0) + D
D + F1*>DF(») + F

DF(i>) +CO2^DF(t;— l)+CO2(00°l)
CO2 (00° 1) + M i t CO2 (00°0) + M (16)

DF(y)+M-^-DF+M (17)

where M is any molecule in the mixture.
In the initial stages of a chemical reaction, lasting ~10~5 s

after initiation, the processes (16) and (17) can be ignored,
because the vibrationally excited states of the DF and CO2
molecules have fairly long lifetimes. If we also ignore the
time (~10~6 s) for the establishment of a quasi-stationary
concentration of D atoms according to the equation
kx[F][D2] = fc2[D][F2] we may characterise the formation
of vibrationally excited DF and CO2 molecules by the
expressions

(d/df)[DF(i>)] = V(0—*,[DF(»)][CO,] (18)
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(d/d/) [CO,(00°1) ] = 63[DF(u) ] [CO,] «

The reaction rate W(t) in Eqn.(18) is given by

W(ti = 2k, [F2] [D2] {1 + kx [Dt]/kt [F2]P J *„(*') df -
0

Integration of (18) and (19) gives

[CO2 [00° 1)], = k, [CO2] j" {exp (— k3 [CO,] f) J exp (£, x

x[CO2]t"iW(l",dt")dt' .

(19)

(20)

(21)

Laser action begins at time t^ after the front of the light
pulse. During this time the occupancy of the upper lasting
level of the CO2 molecule reaches the threshold value. If
this threshold value and the reaction rate W(t) are known,
the rate constant for the transfer of vibrational energy (k3)
can be determined by Eqn.(21).

It is assumed that the shape of the initiating pulse can be
described by the expression

ko(t)=yitexp(—y2t) (22)

where the coefficients Yi and y2 define the amplitude and the
duration of the pulse. From Eqns.(20)-(22) we obtain,
after integration,

[CO2(00°l)](/,) = HP'/(a, V2,f,)

where a = k3[CO2], and W is calculated by the expression

W = 2k, [F2] [D2] {1 + *x [D2]/*2 [Fjr1
 Tl/Y; .

The quantity W is the reaction rate after the end of the
initiation pulse, i .e . at t -*• °°: it can be obtained from the
expression P = hui^VW, where P is the generated power,
RLOL is the energy of the laser photon, and V is the volume
of the laser tube.

Ignoring the radiation loss in the resonator we can write

W'f(a, y2, ti) = [CO2] exp ( - tico (10°0)/AT).

Inserting into this expression experimental values of tj, W,
Y2, and [CO2], and solving it for a, we obtain the rate
constant for the transfer of vibrational energy from DF to
CO2: (1.5 + 0.5) x 1O~12 cm3 s"1 at 300 K. This is lower
than the value obtained by other methods. For example,
measurements of this constant from the laser-induced
fluorescence of the DF molecules21 and from their chemi-

10" atluminescence22 gave 6.4 ± 10 12 and 5
350 and 300 K respectively.

The rate constant for the transfer of vibrational excitation
from DF to CO2 has been determined23 with allowance for the
loss of radiation in the optical resonator. The expression
for the threshold population density of the upper lasing
level of CO2 includes a term which corrects for these losses.
Allowance was made also for the time to establish quasi-
stationary concentrations of F and D atoms (through the
formation of fluorine atoms in the working mixture under the
influence of light from the pulsed lamp). The shape of the
pulse of radiation emitted by the lamp was described by the
expression ko(t) = Yi*3 exp (~Y2O, which gives a more exact
time dependence of the radiation intensity than the expres-
sion ko(t) = Yi* exp ( ~ Y 2 O . The rate of the chemical reac-
tion at the end of the light pulse was determined by com-
paring the characteristics of the laser working under
different conditions rather than by measuring the power of
the laser emission. With these improvements the rate
constant for the transfer of energy from the first vibrational
level of the DF molecule to the CO2 molecule was found to be
(8.2 + 0.5) x 1O~12 cm3 s"1, i .e . close to the values obtained
by other methods.

c) Relaxation of HF^ on chlorine fluorides. The oscillation
delay time method has been used to measure the rate con-
stants of the relaxation of vibrationally excited HF mole-
cules in order to determine the role of this relaxation on the
reactions of other species used in the chemical lasers. From
the laser generation in ClFn + H2(CH1() mixtures the rate
constants of the relaxation of HF̂ " molecules on various
chlorine fluorides have been determined2h. The main pre-
threshold processes in these lasers are

F + RH—^

HF (o) + RH

HF(o)+ClFB-

HF 4- RH
ClFn

"rel

where a n ( j fcClFn are the rate constants for the relaxa-
rel rel

tion of HF(v) molecules on RH and ClFn molecules respec-
tively. The relaxation of HF(v) on HF can be ignored under
these conditions, since the concentration of HF has-been
shown2 to be three orders of magnitude lower than the
concentration of reactants during the period preceding the
achievement of the oscillation threshold.

The spectral composition of the radiation shows that v = 2
for the C1F5 + H2(CHH) and C1F + H2(CH1») systems, i .e . that
the first transition is P2(3). For the C1F3 + H2(CH1))
system, v = 1, and the first transition is Px(6). Hence in
the latter system the following relaxation is fast:

HF(U = 2)+C1F 3 -+HF(U=1)+C1F 3 ) (23)

The kinetic equations for the concentration of atomic
fluorine and for the density An of population-inverted HF^
molecules take the form

d[F]/d<=s(/)[ClFn].-ftRH[F][RH]0 (24)

d(An)/df=/mft»H[F][RH].—AAn (25)

where s(t) = sQt exp ( -* / t m a x ) , *max is the time at which
s(t) reaches a maximum, and

In order to determine the relaxation rate constants we must
choose conditions such that the pressure of chlorine fluoride
is higher than that of RH, since the constants kĵ pj and k^^

are quite large [according to Hancock and Green25, k 2 =

0.7 x 1O~12 cm3 s"1 for HF (v = 1)]. Solving the system of
equations (24), (25) for the conditions

(*RH , " [C1FB]O;

gives

An (t) = s0
2k3

— 2kt +2 — 2e-« (26)

The generation time lags with respect to the leading edge
of the initiating pulse were measured for exit mirrors made
of Ge and CaF2 (t\ and tj respectively). Since ,g0 ^ An, by
using the experimental time lags tj and t̂  for two different
mirrors but identical compositions of the reactant mixture
we can obtain from Eqn.(10)

gjg'o = An (ft/An (t[) - lg (1 — /")/lg (1 - /') = C ( 27)

where V and I" characterise the radiative losses in the
resonator with Ge and CaF2 exit mirrors respectively. By
combining (26) and (27) we obtain an equation for k. The
constant C can be calculated2 from the condition C ==
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3 for low pressures. To study the relaxation on C1F3 mole-
cules the system of equations (24), (25) must be supple-
mented by an equation describing the population of the first
level as a result of the relaxation of the second level during
process (23).

Table 1. Relaxation rate constants (1012 k r e i , cm3 s"1) of
the vibrational excitation at 300 K, obtained by measurements
of the time lag (I) and of the luminescence decay (II).

Process

OD(u=l) +CO2^-OD(t) = 0)+CO2
OD (v = 1) +D2-»-OD (v = 0) +D2

HF(U = 2 ) + C 1 F 5 ^ - H F ( U = 1 ) + C 1 F 5 )

HF(u = 2)-|-ClF^-HF(y=l)+ClF5 \
H F ( U = 1 ) + C 1 F - ^ H F ( U = 0 ) + C 1 F J

I

1.9 + 0.7 [19]
0.031+0.007 [19]

8.2+0.5 [23]

5.1 ±1.7 [24]

0.16±0.03 [24]

5.6+1.7 [24]

n

6.4* [21]; 5 [22]

0.02** [26]

3.4 [27]

*At 350 K.
**For the second process.

Numerical values of the relaxation rate constants are given
in Table 1. The krey values are combined constants for the
relaxation of the second and first level for C1F5 and C1F, and
of the first level for C1F3. These values agree in order of
magnitude with the relaxation rate constants calculated from
luminescence quenching data26 '27.

d) The HCl^ + HC1 relaxation. Gorshkov and coworkers28

measured the rate constant of the exchange reaction

HCl (v = m) + HC1 (v = n) -» HC1 (u = m — 1) + HC1 (v = n + 1)

by comparing calculated and measured time dependences of
the amplification in an HCl chemical laser. The apparatus
consisted of two chemical lasers initiated by flash photolysis
and working on an H2 + Cl2 mixture, mounted on a common
optical axis, and operated in the oscillator regime and as an
amplifier respectively. The reaction in the oscillator (with
formation of a laser pulse) was started at a known time after
the beginning of photolysis in the amplifier. The amplifica-
tion of the oscillator output was determined in a series of
experiments with increasing time intervals between the
pulses in the amplifier and the oscillator. A computer
programme based on the accepted model of the (H2 + Cl2)
laser was used to calculate the time dependence of the
population inversion and of the amplification for a single
vibrational—rotational transition of the HCl molecule. A
comparison of the experimental results with those of the
computer model gave the probable range of values for the
rate constant of the relaxation of HCl^ by v—v exchange.

I I I . DETERMINATION OF THE KINETIC CONSTANTS BY
MEASURING THE OSCILLATION DECAY TIME

The measurement of the rate constant of the "pumping"
reaction from the shape of the laser pulse depends on the
fact that the relaxation of the lasing molecules, as well as
several other processes, can be ignored under certain
experimental conditions (low pressure, short and weak
initiation reaction). In this case the decay of the laser
signal is exponential, with an exponent depending only on

time, on the rate constant of the "pumping" reaction, and
on the initial concentration of the molecules taking part in
that reaction.

1. Principle of the Method

The first reported measurement29 of the rate constant of a
"pumping" reaction from the shape of the laser pulse was
aimed at determining the rate constants of the reactions of
atomic fluorine with hydrogen, methane, and hydrogen
chloride molecules. A more detailed description of the
method appears in Ref.30, where an NF3 + H2(D2) laser is
used to determine the rate constants of the reactions of
atomic fluorine with hydrogen and deuterium molecules.
The main processes in the working mixture of such a laser
are:

NF3 ->• F + NFS (initiation)

F + Ha- • HF (v = n) + H

k,
HF {v = n) + HF (v = m) q± HF (v = n — 1) + HF (ti = m + 1)

= n— 1) + H2 (v = m + 1)H2(v = ti) + H2 (v =

HF (v = n) X H F (v = n — 1) + /«vn.n-i

HF (V = n) + h\n,n-i ^ HF (v = tl — 1) + 2hvn,n-\ (stimulated
emission).

(1)

(28)

(29)

(30)

(31)

(32)

(33)

In this scheme (1) is the "pumping" reaction, (28), (29), and
(30) describe vibrational—vibrational energy exchange (for
seven HF levels and three H2 levels), (31) and (32) are
vibrational—translational energy exchange processes, and
(33) is the spontaneous emission from HF^.

Difficulties in this method arise from the influence of a
large number of elementary processes on the rate of excita-
tion of the vibrational levels of the HF molecules, which
determines the power of the oscillation. If the rates of these
processes are comparable, it is not easy to extract informa-
tion on any particular elementary act from the time depen-
dence of the laser power. Therefore the constants can be
determined by the "oscillation decay" method only if the
parameters of the system are chosen so that the elementary
act of interest plays a predominant role among all the other
possible elementary acts.

Numerical calculations30 for the NF3 + H2 system have
shown that such a regime can be realised at low pressures
of the NF3 + H2 mixture (^10 mmHg) and by using a weak
initiation of the reaction ([F]o i 1011* cm"3). The calcula-
tions took account of reactions (1) and (28) —(33). They
led to the conclusion that under certain conditions the main
contribution to the excitation of the vibrational levels of HF
comes from the reaction F + H2 ->• HF(v = n) + H. The
contributions from other processes are at least two orders
of magnitude lower (Fig. 3).

By examining the material balance equations for the density
of photons in the resonator and for the occupancy of the
vibrational levels of HF we can show that in the quasi-
stationary approximation the power of the laser radiation (in
the absence of relaxation processes) is proportional to the
rate of "pumping" by the reaction F + H2 -*• HF^ + H. The
balance equations which allow for the chemical pumping and
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for the stimulated emission are

dnjdt = avW (t) — BViV^iAv

Thus, having determined T (the time constant of the decay
of the laser pulse), and knowing [H2]o» we can calculate the
rate constant:

where n v is the population density of the vibrational level v,
pv v _ x is the density of photons in the resonator, av is the
probability of forming a molecule in the level v by an
elementary reaction act, B V | V _ ! is the Einstein coefficient
for the stimulated emission by the transition v -»• v - 1, Tp is
the lifetime of a photon in the resonator, Av>v_ x is the
difference in population density between the levels v and
v - 1, and W(t) is the reaction rate, i .e .

(34)

o.u

r 0.2

a> n
"o u

S

-0.2 -3
[ I I
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Figure 3. Rate of excitation J?j of the HF vibrational levels
in the i-th process as a function of time t: 1) 105 Rx,
2) 108J?28, 3) 107R29, 4) 108R31, 5) 105 d[HF(v = 2)]/dt.

The heating of the gas by elastic collisions of electrons and
heavy particles can be shown to be negligible31. The
heating effect of the chemical reaction on the gas mixture is
estimated to be less than 1 K. Heating through the relaxa-
tion of the vibrational energy of the molecules excited by
the discharge becomes appreciable (at low pressures) during
the later stages of the process, when the chemical reaction
has gone to completion. We can therefore assume that the
reaction takes place isothermally at the wall temperature of
the reaction vessel.

The
H2

and 295 K.

and k constants have been measured38 at 195

The k

recommended1
H_

value k

value for 295 K was close to the

= 2.5 x KT11 cm3 s"1. On the

other hand the value k = 6.3 x 10 n

Ho cm s , given m
Ref.29 for room temperature, is too high, possibly because
some of the fluorine atoms taking part in the reaction F + H2
had an excess of energy, acquired during the photo-
initiation. Under the chosen experimental conditions29 the
thermalisation time of the "hot" fluorine atoms could have
been comparable to the time of the chemical reaction.

The decay of laser action for reactions initiated by an
electric discharge has been used to determine the rate
constants of reactions between fluorine atoms and a series
of organic and of inorganic molecules33. However, the
experimental conditions were not optimised for the measure-
ment of rate constants, and the results may be in error by a
factor of 1.5-3.

The suggestion that laser action takes place in one vibra-
tional—rotational transition of each band (v •* v - 1) does not
materially affect these conclusions30.

The power density of the radiation emerging from the
resonator is

For the scheme involving four equidistant levels in the
quasi-stationary approximation (dp V ) V _! /d t = dAV j V_!/dI
0) we can write

P = i- HuLW (t) (3a3 + a2 - ax — 3a,,) (35)

where hoô  is the energy of the laser photon.
Since the concentration of fluorine atoms [F]o created by

the initiating pulse is small in comparison with the initial
concentration of hydrogen molecules [H2]6 we can put [H2]f =
[H2]0 . Then,

In the derivation of Eqn.(36) the initiating pulse was
assumed to be shorter than the characteristic time of the
chemical reaction. This assumption is valid under the
chosen experimental conditions. From (34) and (36) we
arrive at

2. Comparison of the Rate Constants of the Reactions of
Fluorine Atoms Determined by Different Methods

Rate constants determined from measurements of the delay
of time agree satisfactorily with those calculated from the
decay of laser oscillation3. Measurements of the oscillation
decay time in conjunction with initiation by an electric
discharge have been used to determine the rate constants of
the reactions of fluorine atoms with hydrogen, methane, and
hydrogen chloride molecules. By measuring the generation
time lag (with photo-initiation) the ratios k Ik and

Crl H
= K ,/k have been determined. The results are

summarised in Table 2, from which we note that in spite of
the different methods of initiation the agreement between
the various results is generally good.

For comparison Table 2 also gives the rate constants
obtained by other methods. For the fcTT , k , and k

H 2 CHij HC1
constants, which have been measured in many laboratories,
we have adopted the values recommended in recent review
articles32'31*. It is evident from Table 2 that the rate con-
stants determined by laser methods are fully consistent with
those obtained by other methods.

Thus, in spite of the many assumptions necessarily made
in the laser methods of determining kinetic constants
(neglect of the relaxation of the population-inverted mole-
cules, constancy of reactant concentrations, and failure to
allow for the slower reactions), the reaction rate constants
measured by these methods are as precise as those measured
by other methods.
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IV. THE COMPETING REACTION METHOD OF MEASURING
THE RATE CONSTANTS OF REACTIONS IN CHEMICAL
LASERS

applied in a number of reactions between fluorine atoms and
various molecules.

The main weakness of the above laser methods of deter-
mining the kinetic constants of reactions between atoms and
molecules is their severely limited range of application (to
"pumping" reactions only). The scope of the method was
broadened very substantially by our development1*3 of a
variant based on the standard kinetic method of using
competing reactions. A substance whose molecules can
interact with the atoms involved in the "pumping" reaction is
introduced into the active medium of the laser. As a result,
the atoms are contributing to two reactions in parallel within
the chemical laser: 1) the "pumping" reaction, leading to
laser action, and 2) the competing reaction, which suppresses
the rate of the "pumping" reaction by lowering the concen-
tration of the participating atoms. This leads to an
increase in the oscillation delay time, and to a decrease in
the decay time constant of the laser action. By measuring
these characteristic times in the presence and in the absence
of the competing reaction we can determine its rate constant.

Table 2. Comparison of the rate constants for F + X reac-
tions determined by different methods at 300 K.

X

H2

H2
H2

D2
D2
D2
D2
D2
D2
CH4

CH4

CH4
CH4

HCI
HC1
HCI
HBr
HBr
HBr
Cl2

Cl2
Cl2

Br2

Br2

11±3
16 + 5
16 + 3
31+9

10" * x , cm3 s-1

2.5
2.4 + 0.1
2.2+0.4
2.12+0.10

—

—
—
2.14
8

7.2 + 1.2
4.6 ±0.7

1.3±0.3
0.7±0.2

12.5+1.2

*X'*H,

0.86
0.56
0.62
0.61
0.52
0.59

—
2.1
2±0.2

0.3
0.25
0.65*

0.87+0.14*
0.68*

—

Method

I
II
II
II

III
IV
V

VI
VII

I
I

II
VIII

I
II

VIII
VIII**

IX
IX

VIII
VI
VI

VIII
VI

32]
30]
3]
30
15
35'
36
37
38
32
34]
3]
3
34]
3]
3]
41
5]
39]
3]
40]
41
4]
41

Notes. The k-% values for X = O2 + O2 and X = O2 + N2,
determined by measuring the time lag1* and by ESR respec-
tively1*2, are (1.0 + 0.3) * 10~32 and (1.4 + 0.4) x io~32 cm6

s"1. Methods: I) recommended value, II) measurement of
decay time, III) chemical laser, IV) competing reactions,
V) calculated, VI) mass spectrometric, VII) ESR,
VIII) measurement of delay time, IX) i . r . chemiluminescence.

•Value of

**Assuming fc Ik = 2 (after Ref.3).

The application of the competing reaction method in
chemical lasers has substantially increased the range of
reactions whose rate constants can be measured by laser
methods. By using competing reactions we can measure the
rate constants of a large number of reactions which do not
give rise to laser emission. The combined method has been

1. Application of the Method in Measurements of the
Oscillation Delay Time

The competing reaction method was first used in conjunc-
tion with measurements of the delay time to determine the
rate constant of the F + Cl2 reaction3, by measuring the
generation time lag in H2 + RF + He and H2 + RF + Cl2 + He
mixtures.

The main processes in the H2 + RF + Cl2 + He mixture are

F + H2

F + CL

*H,

• C1F + Cl •

(1)

(37)

The Cl + H2 reaction can be ignored, because its rate is
much lower than the rates of reactions (1) and (37).

By solving the equation for the time dependence of the
concentration of atomic fluorine (assuming a linear time
dependence of the initiating light flux and constant reactant
concentrations) we can find the threshold concentration of
population-inverted excited HF^ molecules:

h
Anthr = /H, J 6 H , [ H 2 ] 0 [ F ] , C U .

0

The delay times of laser action by the P2(3) transition of
the HF't' molecule were measured in H2 + RF + Cl2 + He and
H2 + RF + He mixtures (t and t respectively). Under

these conditions An^hr I = ^ n thr 2> Hence we can obtain
a transcendental equation for determining fc .

Cl2
The same method was used1* to determine the rate con-

stants of the reactions

F + Br2 FBr + Br

2. Application of the Method in Measurements of the
Oscillation Decay Time

a) Principle of the method. The oscillation decay time is
measured for the HF^ molecules of a chemical laser operating
on a mixture of RF + H2 + X + He, where X is a molecule for
which we wish to determine the time constant of the reaction
with atomic fluorine (k^).1*3 In this laser reaction (1) is the
"pumping" reaction. In the presence of the X molecules,
which react with fluorine atoms, reaction (1) competes with
the following reaction:

F + X —-+ products , ( 38)

Reaction (38) lowers the rate of reaction (1) and shortens
the time constant of the decay of the laser action. Since at
low pressures and for short and weak initiating pulses the
oscillation strength is proportional30 to the rate of reaction
(1), and therefore to the concentration of atomic fluorine,
the decay of the signal in this case is described by an
exponential function with the exponent

where [H2]o and [X]o are the initial concentrations of
hydrogen molecules and of the additive respectively. By
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measuring the time constant of the decay of the laser
signal ( T ) , and knowing [H2]o and [X]o , we can calculate

The rate constant of the reference reaction (fc ) is
H2

accurately known. If necessary, other chemical laser
"pumping" reactions can be used as the reference reaction.

This method was first used3 to determine the rate con-
kCl2

stant of the reaction F + Cl2 -*• FC1 + Cl, in conjunction
with the following "pumping" reactions:

F + CH4->CH3

F + HCl->HFt

The constant k = (6.2 ± 3.1) x 10"11 cm3 s"1 at 300 K was
obtained. 2

b) Use of the method to measure the rate constants of the
reactions of fluorine atoms with organic molecules containing
multiple bonds. The determination of these constants is
complicated by the simultaneous presence of two reactions:
the removal of an F atom with formation of HF and the addi-
tion of an F atom at the multiple bond. The addition reac-
tion does not lead to the formation of HF^ molecules with a
population inversion. The removal reaction may cause
inversion [for example, F + C ^ ^ , F +C3H6, F + iso-CitHg,
F + (CH3)2CO], or it may produce HF molecules without
population inversion (for example, in the F + C6H6 and
F + CH3CN reactions).

oscillation does not take place on HF. The rate constants of
the reactions F + C3H6 and F + iso-Ci,H8 were measured in the
usual way by using the formula JCRH = 1 / T [ R H ] 0 , where
RH = C3H6 or iso-Ci»H8, since in these systems adequate laser
action on the HF molecules was obtained1*5. The measured
rate constants are listed in Table 3.

The main disadvantage of applying this method of
measuring rate constants to molecules with multiple bonds
is that the relative contributions of the addition and
removal reactions cannot be distinguished, since the measure-
ment gives the sum of the rate constants of these reactions.
However, by using existing data on the ratios of these con-
stants1*6'1*7 and on the rate constants of the removal reactions
calculated from i . r . chemiluminescence measurements39 we can
arrive at the separate rate constants of the removal reac-
tion (krem) a n d of the addition reaction (fcadd) f ° r these
molecules (Table 3). It is clear from Table 3 that the agree-
ment between constants determined by the laser method1*5,
the luminescence method39, and the radio-gas chromato-
graphy method1*8"50 is satisfactory.

Of course, if the method is applied to molecules in which
the addition reaction cannot take place these complications
disappear, and the constants can be determined directly.
The method is suitable also for other classes of molecules.
The laser method in the competing reaction variant can be
applied to any atom able to undergo a reaction in which
excited molecules showing a population inversion are formed.

V. METHODS OF MEASURING THE RELATIVE RATE
CONSTANTS FOR THE POPULATION OF DIFFERENT LEVELS
IN THE REACTION PRODUCT

Table 3. Rate constants of F + M reactions (where M is a
molecule containing multiple bonds) at 300 K.

M

C2H4

C2H4
C3H6
iso-QHs
(CH3)2CO
CH3CN
Q H 6

Q H 6

10" * t o t , cm3 s-1

1.4+0.4 [43]
—

1.9 + 0.4 [45]
2.7 + 0.5 [45]
3.2 ±0.8 [44]

0.52 + 0.13 [44]
1.3 + 0.4 [43]
2.7 + 0.9** [48]

*rem'*add

0.43 [46]
—

1.0 [47]
1.2 [47]

—
—

10" * r e m , cm3 s-1

0.4* [45]
0.4 [39]
1.0* [45]
1.5* [45]
1.3 [39]
0.15 [39]
0,8 [39]

—

10"* add. cm3 s-1

1,0*
1.5**
1.0*
1.2*
1.9
0.37

45]
49,50]
45]
45
44
44

0.5 [43

Meth-
od**"

I
—
II
II
I
I
I

III

•Calculated by using the ^rem/^add ratio given in Refs.46
and 47.

**At 283 K.
***The following methods were used to determine the total

interaction constant ktot : I) measurement of the oscillation
decay time in conjunction with a competing reaction,
II) measurement of the oscillation decay time, III) radio-gas
chromatography.

However, even if laser action takes place with the HF mole-
cules, it can be so weak as to make the rate constant of the
reaction impossible to measure otherwise than by the
competing reaction method. This situation exists, for
example, in the reactions F + C2H,, and F + (CH3)2CO, and
therefore the rate constants of these reactions were deter-
mined by the present method by arranging for these
reactions to compete with the pumping reaction F + H2.
The same method was used to determine the rate constants of
the reactions F + C6HG and F + CH3CN, since in these systems

Measurements of the occupancy of different vibrational
levels in the molecules of reaction products can be relevant
in various applications of chemical kinetics. The use of
chemical lasers can offer quantitative information on the
population Nv of the vibrational levels of reaction products
and on the relative rate constants k v for the formation of the
product in different vibrational states.

1. The "Equal Amplification Temperature" Method

The "equal amplification temperature" method allows the
ratio of the rate constants kv /kv _ 1 for the v •> v - 1 transi-
tion , which has the maximum amplification, to be measured
directly. The method was first proposed51 for the F + H2
and F + CHi, reactions. By careful temperature control in
chemical lasers operating with UF6 + H2(D2) and UF6 +
CH4(CDit) mixtures, and using photo-initiation, conditions
giving two vibrational—rotational transitions simultaneously
and with the same amplification were obtained. The ratio
Nv/Nv~ x of the occupancies of the states taking part in the
first transition at the generation threshold was determined.
This ratio can be identified with the ratio kv /kv _ ! if
vibrational deactivation can be ignored. Addition of a
known amount of inert diluent is sufficient to bring about a
rapid rotational equilibrium52. Under these conditions the
rotational temperature of the system is close to the initial
temperature of the laser mixture, which is determined by the
external application of heat to the laser tube. The self-
heating of the mixture as a result of the laser reaction is
negligible.

The time lag between the beginning of the P2(4) and of the
P2(3) transition of the HF molecule in the UF6 + H2 system
was found to decrease as the temperature of the laser tube
was increased, the intensity of the P2(3) transition
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decreasing while that of the P2(4) transition increased.
The temperature corresponding to equal time lags (and
amplifications) for the P2(3) and P2(4) transitions was
found. This temperature was termed the "equal amplifica-
tion temperature" for the P2(3) and P2(4) transitions.

According to Patel53, the relative amplification ct^J) of
the transition (v -»• v - 1, J - 1 -> J) is

av (J) = const 77^— I - — Bv exp
kT,,

— Bv~i exp (39)

where k is Boltzmann's constant, B v is the rotational con-
stant of the vibrational level v, Tn is the translational
temperature, and Tro^ is the rotational temperature (with
Tn — T r o t in the present case). When the two transitions
PV(J) and PV(J + 1) have equal amplifications, i .e. a v (J) =
a v (J + 1), the ratio Nv/Nv_ 1 can be obtained from the
previous equation:

J exp ] - BV_XJ (J + P/(*rrot)] - (J + 1) exp [ - Btl_1 (J + \) (J +2)/(ferrot)]

exp [- B0J {J ~ (J + 1) exp [ - BVJ (J + D/(ftTrot)J
(40)

where Troi is the equal amplification temperature. As was
stated above, Ny/Ny.-^ = kv/kv-i.

The method has been used to obtain the ratios kz/k1 for
the reaction F + H2,51 kz/kz for the reaction F + D2 ,5 1 k3 /k2
for the reaction F + CC13D,51* and kh/k3 for the reaction
F + HI.55

Berry and Pimentel56 have modified Eqn.(40) in order to
allow for vibrational—rotational interaction, which had been
previously ignored. They also examined the effect of
pressure on the shape (width) of the line and on the
amplification, and they extrapolated their experimental
results to low pressures. At the equal amplification tem-
perature they measured the following ratios of the rate con-
stants for the population of the levels in the HC1 molecules
produced by the light-induced removal of HC1 from dichloro-
ethylene: k3/k2 for the 1,1 isomer and k2/k1 for the cis-
and trans-1,2 isomers.

The "equal amplification temperature" method gives only the
kv/kv-1 ratio: for the other ratios it can only give upper
limits, since when the oscillation threshold is reached these
transitions are affected by the previous laser emission. The
method has been improved57 by using a "tandem" chemical
laser with two laser tubes in the same resonator simulta-
neously initiated by flash photolysis. In this case the ratio
of the rate constants could be measured even for transitions
which do not give maximum amplification. For the photo-
dehydrochlorination of dichloro-ethylene the k3/k2 and
k2/k1 ratios of the HC1 molecules were obtained for the
1,1 isomer and for the cis-1,2 isomer.

Molina and Pimentel58 have described another improvement
of the "equal amplification temperature" method, involving
the inclusion of a diffraction grating in the optical resonator.
This allows previous selection of the vibrational—rotational
transitions, and hence it allows the measurement of different
/Cy/kv-x ratios (not only those corresponding to transitions
with maximum amplification). The method was used to
measure the fcx/ko ratio for the light-induced removal of HC1
from 1,1-dichloro-ethylene. The agreement with the results
obtained by other methods for the ratio of the rate constants
was satisfactory58.

The drawback of using a diffraction grating in the "equal
amplification temperature" method is that only the ratios of
constants for transitions with relatively high amplification
can be measured, since the radiation losses in the resonator

are rather high. This disadvantage can be overcome by
combining the tandem laser configuration and the diffraction
grating, as in the "zero amplification temperature" method58.

2. The "Zero Amplification Temperature" Method

The method58 relies on the fact that the relative amplifica-
tion of the lines in the P and R branches has different
dependences on J and T. If Nv/Nv-1 < 1, a single transi-
tion in the P branch will have a positive amplification over a
range of temperature, but on raising the temperature the
amplification will change sign. On the other hand, if
Nv /Nv - i > 1, the transition in the R branch will have
positive amplification at certain temperatures but the ampli-
fication will become negative as the temperature is lowered.
At almost any ratio of the level occupancies (not too close to
unity) there will be transitions in the P and R branches with
zero amplification at accessible temperatures. The tempera-
ture at which the amplification of the transition changes from
positive to negative has been termed the "zero amplification
temperature".

The apparatus includes two laser tubes within a single
resonator (tandem scheme). The resonator consists of a
mirror and a diffraction grating in the Littrow configuration,
which allows operation of the laser only on one (chosen)
transition. The "leading" reaction in one tube should have
enough amplification to emit radiation from this transition
without assistance from the "subsidiary" reaction in the
second tube, for which we wish to measure the ratio of the
rate constants. If the "subsidiary" reaction gives positive
amplification for the transition being studied, the time lag will
be shorter than in the absence of the "subsidiary" reaction.
Conversely, if the "subsidiary" reaction gives negative
amplification the time lag increases. By varying the tem-
perature of the "subsidiary" reaction we can determine the
"zero amplification temperature" of this reaction. The
occupancy ratio can then be found from the "zero amplifica-
tion" equation, obtained by equating to zero the amplification
expression [Eqn.(39)]:

• exp
he

kT,a
1)]

where the upper sign refers to the transition P v ->- v - i-
. [(J - 1) ->• J] and the lower sign refers to the transition
Rv _>. v _ X[J •> ( J - 1)]; Tza is the zero amplification tem-
perature .

The "zero amplification temperature" method usefully
complements the "equal amplification temperature" method.
Each has a number of advantages, depending on the
properties of the reaction of interest. The "zero amplifica-
tion temperature" method needs a suitable "leading" reaction,
offering stable generation of the required transitions with an
amplification sufficient to overcome the relatively large losses
in the resonator. If such a reaction can be found, the
results are more readily interpretable than those of the
"equal amplification temperature" method. In particular,
there is no need to correct for vibrational—rotational inter-
action or for the pressure dependence of the line shape.

3. Determination of the Temperature Dependence of the Ratio
of Constants

Though the chemiluminescence and molecular beam methods
give qualitative information on the effect of temperature on
the reactions of interest, a quantitative interpretation is very
difficult. Chemical lasers offer a far more satisfactory
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method of studying the temperature dependence of the
distribution of the reaction product over the vibrational
states. In the laser experiments the temperature is the
primary experimental variable, and the conditions are chosen
so as to ensure precisely defined rotational and translational
temperatures.

Both the "equal amplification temperature" and the "zero
amplification temperature" method can be used to obtain
temperature dependences. The former can be used because
the transitions with maximum amplification vary with tem-
perature. For example59, in the F + D2 removal reaction the
"equal amplification temperature" for the P3(4)-P3(5) transi-
tions (v = 3 •+ 2 band) of the product DF is 301 K, for the
P3(5)-P3(6) transitions it is 567 K, and for the P3(3)-P3(4)
transitions it lies below 153 K. This gives the temperature
dependence of the k3/k2 ratio.

The "zero amplification temperature" method can be used
to obtain temperature dependence because transitions with
different J values have different "zero amplification tem-
peratures". Transitions for which the "zero amplification
temperature" is accessible must be chosen. The method
has been used59 to determine the temperature dependence of
the ratios of constants kv/kv- x for the F + H2 removal
reaction. For the v = 3 -* 2 band the measurements were
carried out on transitions of the P branch, since in this case
k3/kz < 1. The "leading" reaction was F + HBr -»- HF+ + Br.
For the v = 2 -> 1 band the measurements were made on the
R branch because in this case k2/k1 > 1. This time the
"leading" reaction was F + CĤ  ->- HF+ + CH3. By using a
combination of the "equal amplification temperature" and the
"zero amplification temperature" method the temperature
dependence of the ratios of constants k3/k2 and k2/k1 was
obtained59. The combined method has also been used60 to
study the effect of rotation on the distribution of vibrational
energy in the F + H2 reaction at different temperatures by
using hydrogen enriched with the para-modification.

The temperature dependence of the ratio of constants has
been obtained51 also for another class of reactions: inser-
tion—removal between NH and fluoromethanes. Though the
flash photolysis of HN3 in the presence of fluorinated
methanes and argon does not yield laser generation, it was
possible to measure the kv/kv- 1 ratios as a function of
temperature for CF ,̂ CF3H, and CF2H2 by using the "zero
amplification temperature" method in a tandem scheme.

4. The "Diffraction Grating Selection" Method

This method relies on a frequency-selective resonator
consisting of a mirror and a diffraction grating in the
Littrow configuration. As mentioned above this resonator
allows the laser to be operated on a single, chosen,
vibrational-rotational transition. Measurements of the
relative time lags of the various transitions can be used to
characterise the vibrational population inversion in terms of
the optical amplification coefficients15. According to Patel62

&v,j-*v'.j' = (const) VAVD1 I RV,J-*V,J
N.,.

gj

V,J->V,J' (41)

where v is the frequency of the transition and AvD is its
Doppler width. Furthermore,

V ' , J '

where Mv ->. v ' is a matrix element of the transition,
Sj, = J' for transitions of the P branch and SJI = J'
for transitions of the R branch, Fv> j -> v ' , J' *s t n e

vibrational—rotational interaction factor, and H .

+ 1

is a correction factor for the line width, depending on the
pressure, which includes the Doppler and the collision
broadening. For a rotationally thermalised sample we have

NvJ = Mvgj exp [— HE^t(J)/kT]/Q°mt

where AEV (J) is the rotational energy of the state (v, J),rot
and Qv . is the rotational distribution function,rot

The amplification coefficients were calculated from
published data on the transition frequencies, rotational
energies, vibrational matrix elements, vibrational—rotational
interaction factors, and collision line widths. For the
amplification to be positive, the population inversion
(JVVj j/gj - Nvi> JI /gjt) in Eqn.(41) must be positive.
This' requirement leads to the following conditions: for a
transition in the R branch

e x p
kT

and for a transition in the P branch

Nv ^ Qrot

Nv-i.

tlt fis, — In a

0

exp

0,5

1.0 i o 1
x 2
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Figure 4. Comparison of the experimentally determined delay
time ti (1) and the calculated values In a (2) for v = 2 -*• 1
transitions in HF. The amplification coefficients were
calculated by Eqn.(41) for Nz/N-^ = 3.35 (without allowing
for the factor H? ). The -In a values for the

v, J-* v\ J'
P2(3) and P2(8) transitions were fitted to the measured delay
times by using the expression a = exp (-at]). Introducing
the pressure correction into Eqn.(41) improves the agree-
ment for N2/Nx — 3.45 and the correspondence between the
R2(0) and P2(l) transitions, which have anomalously high
collision line widths.

Thus we can obtain the lower limits for Nv/Nv_ l =
kv/kv_ 1 by suitably choosing the experimental conditions
(no relaxation effects, rotational equilibrium, constant tem-
perature during the laser action). Furthermore these
quantities can be determined by comparing experimentally
measured time lags with calculations by the empirical equa-
tion a = exp (-atj), where a is an empirical constant.

The agreement between experimental and calculated values
of t\ is optimised by varying Nv/Nv_ 1 in Eqn.(41). The
procedure is illustrated in Fig. 4 for the transitions of the
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v = 2 -»• 1 band of the HF molecule formed in the reaction
F + H2. In this way the fcv/kv_ x ratios have been deter-
mined for the reactions F + H2, F +D2 , F + HD, and
F + DH.15 The results are given in Table 4. For compari-
son the Table also gives some values of k v / k v _ x obtained by
i.r . chemiluminescence and corrected (for the first time) for
(v, v) and (v, R, T) energy transfer. The v -v exchange
for HF -+ HF and HF -»• H2 and the v-R, T exchange with
HF, H2, F, Ar, CF3I, and N2H,, have been calculated63. It
was shown that for the F + H2 reaction the initial N2/Ni
ratios (equal to k2/kx) should be greater than those measured
at time t j . The ratio N3/N2 is almost insensitive to the
energy exchange processes, whereas Ny/N0 is extremely
sensitive and very difficult to determine.

Table 4. ky/ky--^ ratio for the HF (DF) molecules formed
by removal reactions at 300 K.

Reaction

F+Hr^HF+H

>

F+D2-vDF+D

F+HD^HF+D
F+DH-vDF+H

kjk,

—

0.4±0.2 **
—
—

0.66±0.13**

0.3±0,2***

0,63+0.04 (0,62)*

0.48+0.01 (0,45)*
0.58 + 0.12**
0.53 + ai**
0,56+0.06**
1.80+0.10

1.6
1.5+0.1
1.5 + 0.3**

0.15±0.05***
1.60 + 0.10

*./*!

3.40 + 0.10 (3,8)*

3.3
3.6±0.2 **
3,4±0.7**
3.4 + 0.3**

2.35+0.10
—

2.3**
3.1±0.2

2.25±0.10

5.2+0.4

—
—
—

2.3 ±0.2
—
—
.—

5.2 + 0.4
2.2 ±0.2

Ref.

[15]

[59]
[5]

[12]
[64]
[15J
[51]
[59]
[12]
[15]
[15]

•Including energy exchange correction63.
**Measured by i . r . chemiluminescence: all other values

obtained by a chemical laser method.
***Estimated from the intensity of the laser bands in the

free oscillation regime.

The "diffraction grating selection" method can be used to
study some isotope effects15. Obviously,

av,j-^vjj' = N tot. &v,j-wj'

where Ntot is the total number of HF molecules and a' is the
amplification coefficient per molecule.

If the reactant concentrations in the F + H2 and F + HD
systems are chosen so as to give identical amplification
coefficients for the same transitions (as shown by the
equality of the time lags) we can write

fep+H, [H 2 ] 0 Op+H, = &F+HD [HD] 0 CZF+HD

for equal concentrations of atomic fluorine in the two experi-
ments and [F] « [H2]o, [HD]0; k*JF is the rate constant

F +Dr

of the reaction F + HD ->• HF"'* + D. These experiments gave

^ = ° - 3 8 ± 0'03 at 3 0 ° K' an ^2 20.50 ± 0.03, where kP,F is the rate constant of the reac-
F +DH

tion F + DH •> DF+ + H.
By combining these results with the kinetic isotope effect

kT7 TI / ^ ™ = !-79 ± °-l° a* 300 K (obtained by measuringr +ri2 r +D2

the full emission intensity in the free generation regime) we
can calculate the intramolecular kinetic isotope effect

The "grating selection" method has been used to study the
distribution of vibrational energy in the HC1 molecules
formed by flash photolysis of different chloro-ethylenes65.
Since vibrational relaxation was negligible under the condi-
tions of those experiments we can write Nv /Nv _ 1 =
kv/kv-x. The results are shown in Table 5. For
comparison the kv /kv _ x values obtained by the "equal
amplification temperature method" in several forms are also
shown in the Table.

Table 5. k v / k v _ x ratios for HC1 molecules formed by photo-
removal from M molecules at 300 K.

M

CH2 = CHC1
CH2 = CDC1
CH2 = CC12
CH2=CC12
CH2 = CC12
CH2 = CC12

ds- CHC1 = CHC1

Trans- CHC1 = CHC1

CHC1 = CC12

kjk,

0.78 + 0.01
0.86

0.83 + 0.02
—
—
—

—
—
.—

—

k,%

0.91+0.01
1.05

1.02+0.03
0.87 ±0.02

—
1.06
0.72

0.71+0.03
0.62
—
0.72

*•/*•

0.90±0.02
0.91

0.97 ±0.01

l,08±0.03
1.07
0.83

0.81 ±0.02
0,76 ±0.02

0.65
0.70 ±0.02

0.74

0,86 ±0.03
0,81

0.75 ±0.03

0.78
0.79

0.69

0,69

Method

I
I
I
II
III
IV
I
II
III
I
II
I

Notes. Methods: I) diffraction grating selection65, II) equal
amplification temperature56, III) and IV) equal amplification
temperature with a tandem arrangement57 or a diffraction
grating58.

um P<(W

RAW)

Figure 5. Relative amplification coefficients a as a function
of the population inversion N' /N" for some rotational transi-
tions of the A •+• X (0, 0) band of the CN radical, calculated
by assuming rotational and spin-orbit equilibrium of the
CN* radical (A2IIj at 300 K).

The frequency-selective resonator has been used also66 to
determine the ratio of the populations of the upper and the
lower level of a laser working on an electronic transition of
the CN radical formed by flash photolysis of methyl iso-
cyanide. The relative optical amplification coefficients for
the laser transitions in this case were calculated from the
expression

exp ( -
-TS- + 1- (42)

where SJI is the intensity of the rotational line, and the
primes ' and " refer respectively to the upper (A2]Tj, v' = 0)
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and the lower (X2E + , v" = 0) laser level. The relative
amplification coefficients are shown in Fig.5 as a function of
the population inversion for several transitions of the
A -* X (0, 0) band of the CN radical. The intersections of
these lines give the lower limits of the ratio N'/N". For
example, the transition R2 (13) begins to emit before the
transition P± (18), and therefore it has a greater amplifica-
tion. This gives N'/N" > 5.1. By comparing the curves
for different transitions we see that N'/N" = k'/k" > 5.3,
where k' and k" are the rate constants of the processes
which populate the upper and the lower level respectively.
Similar calculations of the population ratio of the upper and
the lower level can be made without a selective resonator for
a laser working in the free generation regime, but in this
case Eqn.(42) is applied only to the transition with maximum
amplification. In this way the ratios N'/N" s k'/k" have
been obtained for the populations of the upper (A2n3/2,
v' = 0) and the lower (X2E + , v" = 0) level of the CN
radical formed by flash photolysis of CH3NC, CF3CN, HCN,
C2F5CN, (CN)2, and BrCN.67

The method has been used also to determine the population
ratio of the upper and the lower level in HF and HC1 mole-
cules formed by insertion—removal reactions between O(XD)
and fluorinated and chlorinated methanes68"70. The
results are shown in Table 6.

Table 6. Estimates of the population ratios Nv/Nv_1 =
kv /^v - I from the maximum amplification transitions for
O(1D) + M addition—removal reactions.

M

CHF3
CH3F
CHCI3
CH3CI
CHC12F
CHC12F
CHC1F2

Emitting
molecule

HF
HF
HC1
HC1
HF
HC1
HF

2
1
1
1
2
1
2

0 8 [681
0.35
0.50
0.61

0.8
0.5
0.8

68]
69]
69
70]
70]
70]

The "grating selection" method was applied71 in the deter-
mination of the relative population of levels in the HF mole-
cule formed by the insertion-removal reaction O(3P) +
fluoro-ethanes. The result was N1/No = k1/k0 = 0.52 + 0.02
for C2H3F and N-^/NQ S k-^/ko = 0.61 + 0.04 for cis and
trans-1,2-C2H2F2 and C2HF3.

Thus the laser generation produced by chemical reactions
in a resonator can yield important information on the rate of
elementary processes in the reaction medium. Laser methods
can be used to measure the rate constants of the reactions of
atoms and radicals with molecules, the rates of transfer and
relaxation of vibrational excitation, and the rate constants
for the formation of the reaction product in different energy
states. The use of competing reactions widens the scope of
the laser methods and allows the rate constants of processes
which are not true "laser" reactions to be determined. Thus
the method has adequate generality. In spite of the many
assumptions made in the oscillation delay time and oscillation
decay methods, rate constants can be determined to a
precision comparable to that of other methods. However,
no other method is comparable to the laser methods for
determining the state of vibrationally excited products.
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